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Abstract
MDM2 (mouse double minute 2) inhibitors that activate p53 and induce apoptosis in a non-
genotoxic manner are in clinical development for treatment of leukemias. P53 can modulate
other programmed cell death pathways including autophagy both transcriptionally and non-
transcriptionally. We investigated autophagy induction in acute leukemia by Nutlin 3a, a
first-in-class MDM2 inhibitor. Nutlin 3a induced autophagy in a p53 dependent manner and
transcriptional activation of AMP kinase (AMPK) is critical, as this effect is abrogated in
AMPK -/- mouse embryonic fibroblasts. Nutlin 3a induced autophagy appears to be pro-
apoptotic as pharmacological (bafilomycin) or genetic inhibition (BECLIN1 knockdown) of
autophagy impairs apoptosis induced by Nutlin 3a.
Introduction
MDM2 (HDM2 in humans), a E3 ubiquitin ligase, is a key regulator of p53 function through
its role in proteasomal degradation of p53.[1, 2] Small molecule inhibitors of MDM2 that can
restore wild type p53 activity in a non-genotoxic manner and thereby activate apoptotic cell
death, are in clinical development as treatment of cancers including leukemias and have shown
early clinical activity.[3, 4] Nutlin 3a and its analogs are first-in-class MDM2 inhibitors [3].
Preclinical studies with Nutlin 3a, as well as studies conducted by our group with patient sam-
ples from the first clinical trial with an analog of Nutlin 3a, have shown that consistent with
their mechanism of action, Nutlin 3a and its analogs activate apoptosis program in acute mye-
loid leukemia (AML) cells only in the context of intact p53.[4, 5]
While the roles of p53 in apoptosis and cell cycle have been the ones most studied in the
context of cancer, p53 can also play significant roles in programmed cell death (PCD) pathways
other than apoptosis and in cellular adaptation to metabolic and environmental stress.[6]
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Autophagy is considered type II PCD and is such an adaptive mechanism with a Janus-like role
in cell survival and cell death.[7, 8] While adaptive autophagy may sustain survival of cell
including cancer cell, sustained autophagy can result in cell death. P53 in turn has a Janus-like
effect on autophagy as it can transcriptionally or non-transcriptionally activate or inhibit
autophagy. The effect of p53 on autophagy is dependent on the nature of the stress stimulus
and subcellular location of p53.[9] While nuclear p53 can activate an autophagy program,[10]
cytoplasmic p53 may inhibit autophagy.[11, 12] To add to the complexity, Atg7, a core autop-
hagy protein, can in turn influence the transcriptional program of p53 in response to metabolic
stress. In the absence of Atg7, p53 response to nutrient deprivation changes from one of cell-
cycle arrest to a predominantly pro-apoptotic one.[13] Finally, genotoxic activation of p53
upregulates autophagy intiating kinase ULK1 and autophagy in this context enhances cell
death.[14]
We set out to study the effect of non-genotoxic activation of p53 through MDM2 inhibition
on autophagy in acute leukemia. In addition we wanted to identify key molecules involved in
the process and the biological impact of autophagy in this context.
Methods
Reagents
Nutlin 3a was kindly provided by Discovery Oncology, Roche Research Center, Hoffmann-La
Roche Inc., Nutley, NJ. A stock solution of 5mM in dimethyl sulfoxide (DMSO) was stored at
-20°C. The final DMSO concentration in the medium did not exceed 0.1% (vol/vol). Autop-
hagy inhibitor, Bafilomycin, was obtained from Sigma (St. Louis, MO). Antibodies to AMPKα
(#2532), AMPK β (#4182), Beclin 1 (# 3738), p53 (#2527), Atg12 (#2010), LC3-B (#2775),
LKB1 (#3050) were obtained from Cell Signaling (Danvers, MA) and antibody to p62 (sc–
28359) was obtained from Santa Cruz (Dallas, TX).
Cell lines and lentivirus
OCI-AML3 cells [15] (human leukemia cell line kindly provided by Dr. Mark Minden, Ontario
Cancer Center, Canada) and OCI-AML–3 cells stably expressing shRNA targeting p53 and
vector control [16] (kind gifts from Dr. Paul Corn, University of Texas MD Anderson Cancer
Center), mouse embryonic fibroblasts (MEF) wt/wt, AMPK -/- [17] (kind gifts from Dr. Juan
Fueyo-Margareto, Neuro-oncology, MD Anderson Cancer Center) were cultured in RPMI
1640 medium containing 10% heat-inactivated fetal calf serum (FCS). HL60, HEK-293T and
REH cells were obtained from the ATCC (Manassas, VA). Phoenix Amphotrophic retrovirus
packaging cells were obtained from Orbigen (San Diego, CA). A set of 7 shRNAmirs each tar-
geting BECLIN 1 plus non-silencing control lentiviral vector were obtained from Open Biosys-
tems (Huntsville, AL). Lentiviral packaging plasmids MD2.G (plasmid 12259) and psPAX2
(plasmid 12260), both constructed by the laboratory of Didier Trono, plus retroviral vectors
pMKO.1 puro p53 shRNA#2 (plasmid 10672), pMKO.1 puro GFPshRNA (plasmid 10675),
and pBABE-puro mCherry-EGFP-LC3B (plasmid 22418) (constructed in the laboratory of
Jayanta Debnath) were obtained from Addgene (Cambridge, MA).
Lentiviral transduction
Each lentiviral vector was transiently cotransfected with an equimolar mix of the packaging
plasmids into HEK-293T cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) as directed
by the manufacturer. Lentiviral supernatants were harvested 48 h post transfection.
OCI-AML3 or REH cells were re-suspended in virus stock at a concentration of 0.8 x 106 per
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ml and spinoculated 90 minutes at 30°C at 1800×g. Infected cells were then washed with
growth medium, and allowed to double once and then selected with puromycin (InvivoGen,
San Diego, CA). Puromycin-resistant pools of cells were assessed for BECLIN 1 knockdown by
Western analysis. Retroviral transduction was performed by a similar method, although in this
case retrovirus was generated by transfection of Phoenix Ampho packaging cells by each retro-
viral vector.
Western Blots
Signals were detected using Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln,
Nebraska), and quantitated using Odyssey Software version 3.0 (LI-COR Biosciences). β-Actin
was used as a loading control.
Autophagy detection by confocal microscopy
OCI-AML3 cells transduced with pBABE-puro mCherry-EGFP-LC3B construct were treated
with DMSO or Nutlin 3a and examined using a FV1000 laser confocal microscope to identify
autophagic puncta.
Autophagy/apoptosis quantitation by flow cytometry
Mono-Dansyl Cadaverine (MDC) has been used to label autophagic vacuoles in cells for visual-
ization by microscopy.[18] We used MDC labelling and Annexin V binding to measure the
number of cells undergoing autophagy and apoptosis respectively. Briefly 0.25x106 cells were
either treated with DMSO or Nutlin 3a for up to 120 hrs. The cells were then harvested, washed
twice with PBS. They were re-suspended in 100 μL Annexin binding buffer containing 50 μM
MDC (Sigma) and incubated in the dark for 45 minutes at 37°C. Then FITC conjugated
Annexin V antibody (Roche Diagnostic, Indianapolis, IN) was added and further incubated for
15 minutes. The cells were then washed twice in Annexin binding buffer and re-suspended in
200 μL Annexin binding buffer and analyzed by flow cytometry. The cells were analyzed in a
BectonDickenson LSR-II analytical flow cytometer, with the FITC on FL–1 on the log scale
and the MDC on FL–8 on the linear scale. Countbright beads (Molecular Probes) were used to
quantitate the number of negative, single positive and double positive cells.
Transmission Electron Microscopy
Samples were fixed with a solution containing 3% glutaraldehyde plus 2% paraformaldehyde in
0.1 M cacodylate buffer, pH 7.3, for 1 hour. After fixation, the samples were washed in 0.1 M
cacodylate buffer and treated with 0.1% Millipore-filtered buffered tannic acid, post-fixed with
1% buffered osmium tetroxide for 30 min, and stained en bloc with 1%Millipore-filtered ura-
nyl acetate. The samples were washed several times in water, then dehydrated in increasing
concentrations of ethanol, infiltrated, and embedded in LX–112 medium. The samples were
polymerized in a 60 C oven for 2 days. Ultrathin sections were cut in a Leica Ultracut micro-
tome (Leica, Deerfield, IL), stained with uranyl acetate and lead citrate in a Leica EM Stainer,
and examined in a JEM 1010 transmission electron microscope (JEOL, USA, Inc., Peabody,
MA) at an accelerating voltage of 80 kV. Digital images were obtained using AMT Imaging Sys-
tem (Advanced Microscopy Techniques Corp, Danvers, MA) at the Cancer Biology research
laboratory facility.
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Statistical analyses
The Student t-test was used to analyze cell growth, and apoptosis data. A P-value 0.05 was
considered statistically significant. All statistical tests were two-sided and the results are
expressed as the mean two independent experiments of triplicate samples/experiments ± S.D./
95% confidence intervals (error bars).
Results
Nutlin 3a induces autophagy in acute myelogenous leukemia cells
We used flowcytometry, confocal microscopy and Western blot analysis to demonstrate autop-
hagy induction. OCI-AML3 cells were treated with DMSO or Nutlin 3a (1, 2.5 and 5 μmol) for
48, 72, 96 and 120 hrs. Cells were stained with Annexin V-APC and lysosomotropic dye MDC
and analyzed by flow cytometry to detect apoptosis (Annexin V-APC binding), autophagy
(MDC). Treatment with Nutlin 3a treatment increased the percentage of Annexin V positive,
MDC positive and dual positive (MDS and Annexin v-APC) cells (Fig 1A) in a time (48–120
hrs) and dose dependent (1–5 μmol) manner. The percentage of cells with MDC staining was
interestingly highest at a late time point of 120 hrs and at Nutlin 3a concentration of 2.5 and
5 μM (61 and 60% respectively versus 21% for DMSO treated control) (Fig 1B). Importantly, at
each time point, the percentage of MDC positive cells was significantly higher than that of
Annexin V positive cells; this was most evident at later time points of 96 and 120 hrs at a Nutlin
3a concentration of 2.5 μmol indicating sustained autphagy.
A key feature of the autophagy process is the formation of autophagic vacuoles. We used
confocal fluorescence microscopy to visualize autophagic vacuole formation using MDC.
OCI-AML3 cells treated with DMSO or Nutlin 3a (2.5 and 5 μM for 72 hrs.) were stained with
MDC and imaged using fluorescence microscope. At both concentrations of Nutlin 3a, the
number of MDC positive vacuoles increased compared to DMSO treated cells (Fig 2, Panel 1).
To confirm that MDC positive puncta formation is indicative of autophagy, we treated
OCI-AML3 cells stably expressing shRNA targeting BECLIN1, an essential autophagy gene,
with Nutlin 3a for same-period time. MDC positive puncta formation was markedly dimin-
ished in BECLIN1 shRNA expressing OCI-AML3 cells (Fig 2, Panel 2), confirming that the for-
mation of MDC positive puncta is indicative of autophagy. This was also confirmed using REH
(acute lymphoblastic leukemia) cells transduced with control shRNA (Fig 2, Panel 3) or
BECLIN1 shRNA (Fig 2, Panel 4).
Increased numbers of autophagic vacuoles in a cell could be the result of either increased
formation of autophagic vacuoles or arrest of autophagic flux. The later actually is a state of
impaired autophagy as here autophagic vacuoles fail to fuse with lysosomes to form autophago-
somes. An mCherry-EGFP-LC3B reporter construct has been used for assessment of autopha-
gic flux.[19] The GFP signal in this construct is unstable in the acidic environment resulting
from fusion of autophagic vacuoles with lysosomes (autophagosome) while the mCherry signal
persists. With induction of autophagy there is an initial increase in both green and red fluores-
cence (yellow in merged images), while completion of autophagic flux (formation of autopha-
gosome) is accompanied by a proportional increase in red fluorescence (compared to yellow)
in merged images. OCI-AML3 cells stably expressing the mCherry-EGFP-LC3B reporter con-
struct were treated with Nutlin (2.5 μM). Confocal imaging showed time dependent increase in
both green and red ‘puncta’ (yellow in merged images) suggesting ongoing and sustained
autophagy after Nutlin 3a treatment. The proportion of red ‘puncta’ (in comparison to yellow
indicating acidification of vacuoles) increased at 96 hrs compared to 48 hrs indicating time
dependent completion of autophagic flux (Fig 3).
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Finally induction of autophagy was assessed by Western blot analysis of OCI-AML3 cells
treated with Nutlin 3a at 5 μM for 0,6,12 and 24 hrs. Western blots of whole cell lysates con-
firmed increased LC3-II formation, Atg 5/12 conjugation and decrease in p62 protein in a time
dependent manner (Fig 4). As expected Nutlin 3a treatment also increased p53 protein level.
Fig 1. AOCI-AML3 cells were treated with Nutlin 3a (5 μM) or DMSO for 72 hrs, stained with MDC and AnnV and analyzed by flow cytometry for AnnV
positive (apoptosis), MDC positive (autophagy) and dual positive cells.B Time and concentration dependent change in AnnV positive, MDC positive and dual
positive OCI-AML3 cells treated with Nutlin 3a.
doi:10.1371/journal.pone.0139254.g001
Nutlin 3a Induces p53 Dependent Autophagy in Leukemia
PLOS ONE | DOI:10.1371/journal.pone.0139254 October 6, 2015 5 / 15
Fig 2. OCI-AML3 or REH (p53 wild type) cells stably expressing either control or Beclin1-silencing
shRNAwere treated with Nutlin 3a, stained with MDC and imaged with confocal microscopy for MDC
positive ‘puncta’ representing autophagic vacuoles.
doi:10.1371/journal.pone.0139254.g002
Fig 3. OCI-AML3 cells transduced with LC3-GFP-mCherry construct were treated with 5 μMNutlin 3a
and visualized by confocal microscopy. Increase in proportion of red ‘puncta’ at 96 hrs compared to 48 hrs
(merge images) in Nutlin 3a treated cells indicate completion of autophagic flux.
doi:10.1371/journal.pone.0139254.g003
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Autophagy induced by Nutlin 3a is p53 dependent
Work published from our laboratory has shown that Nutlin 3a induces apoptosis only in p53
WT AML cells, consistent with its mechanism of action. To test if autophagy induced by Nutlin
3a is also p53 dependent, HL60 (p53 null AML) cells and OCI-AML3 cells in which p53 was
knocked down by lentiviral transduction of shRNA (OCI-AML3 p53 shRNA) (knockdown
efficacy published previously)[20]) were treated with 5 μMNutlin 3a for up to 96 hrs and
stained with Annexin V and MDC. After 96 hrs of treatment with Nutlin 3a, only 9% HL 60
cells stained positive for MDC (versus 2% DMSO treated control) and 14% for Annexin V (ver-
sus 6.5% control) (Fig 5A), indicating that both Nutlin 3a induced apoptosis and autophagy
are p53 dependent. Similarly only 3% of OCI-AML3 p53 shRNA cells were MDC positive (ver-
sus 4% with DMSO treatment) and 15% was Annexin V-APC positive (versus 11% with
DMSO) (Fig 5B). Similar data were obtained using REH leukemia cells (acute lymphoblastic
leukemia cell line with WT p53) and their p53 shRNA expressing counterparts (data not
shown).
Transmission electron microscopy (TEM) is broadly used as a ‘gold standard’ test for autop-
hagy and the presence of autophagic vacuoles containing electron dense mitochondria (mito-
phagy) is considered both a hallmark and evidence of autophagy by TEM. We treated
OCI-AML3 cells with Nutlin 3a (5 μmol for 48 hrs) and performed TEM. Treated cells showed
marked increase in ‘mitophagic’ vacuoles compared to DMSO treated controls (Fig 6 upper
Fig 4. OCI-AML3 cells were treated with Nutlin 3a for indicated time andWestern blots done for p53,
LC3B, Atg 5/12, p62.
doi:10.1371/journal.pone.0139254.g004
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panel). To confirm that Nutlin 3a induced autophagy is p53 dependent, HL–60 (p53 null) cells
treated with Nutlin 3a (5 μM for 48–96 hrs) were examined by TEM for autophagy. Compared
to OCI-AML3 cells, HL60 cells showed remarkably low number of mitophagic vacuoles con-
firming p53 dependence of Nutlin 3a induced autophagy (Fig 6 lower panel).
Inhibition of Nutlin 3a induced autophagy reduces apoptosis
To investigate the biological effect of blocking Nutlin 3a induced autophagy, OCI-AML3WT
cells were treated with Nutlin 3a (5 μM) for 48 hrs alone or in combination with autophagy
inhibitor bafilomycin (10 nM) for last 2 hrs of incubation. Bafilomycin inhibits autophagy by
inhibiting vacuolar ATPase to increase lysosomal pH. Bafilomycin treatment not only reduced
Nutlin 3a induced autophagy as demonstrated by reduced MDC binding by flow cytometry
but also reduced Nutlin 3a-induced apoptosis as evidenced by decreased Annexin V binding
(Fig 7A). Similarly, apoptosis was lower after Nutlin 3a treatment (5 μmol for 72 hrs) in
OCI-AML3 cells with stable knock-down of core autophagic protein Beclin 1 compared to con-
trol (68% vs 43% respectively) (Fig 7B). Copmpared to bafilomycin, loss of Beclin 1 is expected
to block autophagy at an earlier time point.
Fig 5. HL60 (A) or OCI-AML3 cells stably expressing shRNA silencing p53 (B) were treated with Nutlin 3a for 24–96 hrs and analyzed by flow
cytometry for AnnV/MDC staining.
doi:10.1371/journal.pone.0139254.g005
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Nutlin 3a induces upregulation of AMPK
The beta subunit of AMPK (AMPK β), DRAM and DAPK are transcriptional targets of p53
that are commonly implicated in autophagy. Quantitative reverse transcriptase polymerase
chain reaction (RT-QPCR) studies of OCI-AML3 cells after treatment with Nutlin 3a (0–
5 μmol) for 12 hrs showed increase in transcripts of AMPK β and DRAM while that of DAPK
remained unchanged (Fig 8A). Western blot analysis confirmed increase of AMPK β after
treatment with Nutlin 3a but neither that of DRAM (Fig 8B) nor of the α subunit of AMPK
showed any change. The increase in AMPK β protein is expected to stabilize the AMPK com-
plex and enhance its activity. Acetyl coenzyme carboxylase (ACC) is the immediate down-
stream target of AMPK, and phosphorylated ACC was increased after OCI-AML3 cells were
treated with Nutlin 3a (Fig 8B), confirming increased AMPK activity. The level of LKB1, an
upstream kinase of AMPK, was not increased with Nutlin 3a treatment. ULK1 phosphorylation
at serine 317 by AMPK activates autophagy while its phosphorylation at serine 737 by
mTROC1 inhibits autophagy. Serine 317 phosphorylation increased in OCI-AML3 cells
treated with Nutlin 3a while serine 757 phosphorylation was unchanged (Fig 8B), again con-
firming activation of AMPK by Nutlin 3a.
AMPK is necessary for Nutlin 3a induced autophagy
To examine the role of AMPK in Nutlin 3a-induced autophagy, mouse embryonic fibroblasts
(MEF) AMPK wt/wt or AMPK -/- were treated with Nutlin 3a (10 μmol) for 48–96 hrs and
Fig 6. OCI-AML3 (p53 wild type) or HL–60 (p53 null) cells were treated with DMSO or Nutlin 3a for 72
hours and imaged using transmission electronmicroscopy.While OCI-AML3 cells showed numerous
electron-dense ‘mitophagic’ vacuoles at 72 hrs of Nutlin 3a treatment, such vacuoles were absent in HL–60
cells (lower panel).
doi:10.1371/journal.pone.0139254.g006
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examined by TEM for ‘mitophagy’. The number of mitophagic vacuoles was substantially
higher in AMPK wt/wt MEFs compared to AMPK -/- MEFs (Fig 9). This finding confirms the
essential role for AMPK in Nutlin 3a-induced autophagy.
Discussion
This report demonstrates that Nutlin 3a induces sustained autophagy in AML cells in a
p53-dependent manner and that transcriptional upregulation of AMPK is a key mediator of
that process. Pharmacologic or genetic inhibition of autophagy in this context appears to inter-
fere with apoptosis.
Fig 7. AOCI-AML3 cells were treated with Nutlin 3a (5 μmol) for 48 hrs alone or in combination with
autophagy inhibitor bafilomycin added at 10 nM for last 2 hrs of the 48 hr period. Cells were stained with AnnV
and MDC and analyzed by flow cytometry for AnnV, MDC or dual staining (AnnV+MDC). BOCI-AML3 cells
stably expressing non-specific (NS) shRNA or shRNA targeting BCN1 (BCN1 KD) were treated with Nutlin 3a
for 72 hours and apoptosis assessed by flow cytometry for AnnV. Results are average of two experiments.
doi:10.1371/journal.pone.0139254.g007
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In autophagy studies, it is important to demonstrate completion of autophagic flux includ-
ing fusion of lysosome to autophagic vacuole leading to its acidification; the final step in the
process. Blockades of the later phases of autophagy prior to lysosomal fusion may also show
apparent increase in autophagic ‘puncta’ or vacuoles while in reality autophagy is impaired.
[21] Our experiments using an LC3-GFP-m Cherry construct confirms increased autophagic
flux in AML cells with Nutlin 3a treatment. This is also confirmed by TEM studies (mitophagy)
and immuno blot results of LC3 lipidation, Atg 5/12 conjugation and p62 degradation.
The β subunit of AMPK facilitates the hetero-trimeric association of the AMPK subunits
enhancing the catalytic function of the complex that is comprised of α, β, γ sub-units [22–26]
Fig 8. AOCI-AML3 cells were treated with Nutlin 3a (0, 1, 2.5 and 5 μM) for 12 hours, RNA was extracted
and RT-PCRwas performed for autophagy-related transcriptional targets of p53; DRAM, DAPK and AMP
kinase beta (AMPK-β). BOCI-AML3 cells were treated with Nutlin 3a for 0–24 hours andWestern blot was
done for several autophagy related proteins
doi:10.1371/journal.pone.0139254.g008
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and is a transcriptional target of p53.[27] AMPK can activate autophagy by several means. Phos-
phorylation of ULK1 (Atg1 in yeast) at serine 317 by AMPK releases ULK1 from the inhibitory
influence of mTORC1 and initiates autophagy.[28] Phosphorylation of TSC2 and Raptor by
AMPK also suppresses mTORC1 activity resulting in the same effect on autophagy.[27] Though
additional autophagy related proteins are known to be transcriptional targets of p53, our data
with AMPK -/- MEFs suggest that in the context of Nutlin 3a, AMPK plays a major role in
autophagy induction. DRAM on the other hand, is a lysosomal protein which is also a transcrip-
tional target of p53 and modulates autophagy.[29] In our experiments, DRAM transcript levels
were high in Nutlin 3a treated AML cells, but we could not confirm an increase in protein levels.
We cannot rule out a potential role of DRAM in Nutlin 3a induced autophagy.
Recent reports implicate upregulation of ULK1 in p53 mediated autophagy after genotoxic
damage with camptothecin and etoposide.[14] Our data on the other hand suggest that
AMPK, a kinase upstream of ULK1 in canonical autophagy induction, is a critical mediator of
autophagy after non-genotoxic activation of p53 through MDM2 inhibition. While we could
not demonstrate any increase of ULK1 protein levels after Nutlin 3 a treatment, increased pro-
autophagic S317 phosphorylation of ULK1, a phosphorylation event mediated by AMPK cor-
roborates the role of AMPK in Nutlin 3a induced autophagy. Our results indirectly suggest
that autophagy inducers could increase Nutlin 3a’s apoptotic effect. Therapeutic agents that
directly modulate autophagy are limited. Inhibitors that target PI3K or Akt can induce autop-
hagy indirectly by their effects on mTORC1, TSC2, etc. and can be potential therapeutic part-
ners to MDM2 inhibitors. MTOR/Akt inhibitors are synergistic with MDM2 inhibitors [16] in
inducing apoptosis in leukemias but whether this synergy is autophagy related has not been
determined. LKB1, the upstream kinase for AMPK, is a target of metformin and its analogs,
and this class of drugs may also synergize with MDM2 inhibitors in inducing pro-apoptotic
autophagy.
In the field of therapeutic targeting of autophagy in cancer, there is increased awareness that
the pro versus anti-apoptotic role of autophagy is context dependent and may vary with
Fig 9. Mouse embryonic fibroblasts (wild type or AMPK -/-) were treated with 10 μMNutlin 3a for 72
hours and examined by transmission electronmicroscopy for ‘mitophagic’ vacuoles.
doi:10.1371/journal.pone.0139254.g009
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therapeutic agents.[30–33] This is highlighted by the fact that chloroquine and its analogs
potentiate chemotherapy effects by inhibiting autophagy.
In summary, MDM2 inhibitor Nutlin 3a potently induces autophagy. While clinical devel-
opment of several MDM2 inhibitors is in progress in cancer therapy, the biological impact of
autophagy in their responses need to be explored.
Supporting Information
S1 File. OCI AML3WT or p53 KD autophagy apoptosis with Nutlin.
(XLS)
S2 File. Nutlin with or without bafilomycin apoptosis autophagy.
(XLS)
S3 File. DRAMDAPK AMPK beta QPCR.
(XLS)
Author Contributions
Conceived and designed the experiments: SD GB VR DNT SP MA. Performed the experi-
ments: SD VR DNT SP JB. Analyzed the data: GB SD VR DNT SP JB PR. Contributed
reagents/materials/analysis tools: VR JB RJ KK JFMMK. Wrote the paper: GB SDMA VR PR.
References
1. Lozano G, Montes de Oca Luna R. MDM2 function. Biochim Biophys Acta. 1998; 1377(2):M55–9.
Epub 1998/06/02. PMID: 9606977.
2. Montes de Oca Luna R, Wagner DS, Lozano G. Rescue of early embryonic lethality in mdm2-deficient
mice by deletion of p53. Nature. 1995; 378(6553):203–6. Epub 1995/11/09. doi: 10.1038/378203a0
PMID: 7477326.
3. Vassilev LT, Vu BT, Graves B, Carvajal D, Podlaski F, Filipovic Z, et al. In vivo activation of the p53
pathway by small-molecule antagonists of MDM2. Science. 2004; 303(5659):844–8. Epub 2004/01/06.
doi: 10.1126/science.1092472 PMID: 14704432.
4. Kojima K, Konopleva M, Samudio IJ, Shikami M, Cabreira-Hansen M, McQueen T, et al. MDM2 antago-
nists induce p53-dependent apoptosis in AML: implications for leukemia therapy. Blood. 2005; 106
(9):3150–9. Epub 2005/07/15. doi: 10.1182/blood-2005-02-0553 PMID: 16014563; PubMed Central
PMCID: PMC1895324.
5. Andreeff M, Kojima K, Padmanabhan S, Strair R, KirschbaumM, Maslak P, et al. A Multi-Center, Open-
Label, Phase I Study of Single Agent RG7112, A First In Class p53-MDM2 Antagonist, In Patients with
Relapsed/Refractory Acute Myeloid and Lymphoid Leukemias (AML/ALL) and Refractory Chronic Lym-
phocytic Leukemia/Small Cell Lymphocytic Lymphomas (CLL/SCLL). ASH Annual Meeting Abstracts.
2010; 116(21):657-.
6. Altman BJ, Rathmell JC. Metabolic stress in autophagy and cell death pathways. Cold Spring Harb Per-
spect Biol. 2012; 4(9):a008763. Epub 2012/09/07. doi: 10.1101/cshperspect.a008763 PMID:
22952396; PubMed Central PMCID: PMC3428762.
7. Abeliovich H. Mitophagy: the life-or-death dichotomy includes yeast. Autophagy. 2007; 3(3):275–7.
Epub 2007/03/03. PMID: 17329958.
8. WuWK, Coffelt SB, Cho CH, Wang XJ, Lee CW, Chan FK, et al. The autophagic paradox in cancer
therapy. Oncogene. 2012; 31(8):939–53. Epub 2011/07/19. doi: 10.1038/onc.2011.295 PMID:
21765470.
9. Levine B, Abrams J. p53: The Janus of autophagy? Nature cell biology. 2008; 10(6):637–9. Epub 2008/
06/04. doi: 10.1038/ncb0608-637 PMID: 18521069; PubMed Central PMCID: PMC2739720.
10. Amaravadi RK, Yu D, Lum JJ, Bui T, Christophorou MA, Evan GI, et al. Autophagy inhibition enhances
therapy-induced apoptosis in a Myc-induced model of lymphoma. J Clin Invest. 2007; 117(2):326–36.
Epub 2007/01/20. doi: 10.1172/JCI28833 PMID: 17235397; PubMed Central PMCID: PMC1765515.
Nutlin 3a Induces p53 Dependent Autophagy in Leukemia
PLOS ONE | DOI:10.1371/journal.pone.0139254 October 6, 2015 13 / 15
11. Tasdemir E, Maiuri MC, Galluzzi L, Vitale I, Djavaheri-Mergny M, D'Amelio M, et al. Regulation of autop-
hagy by cytoplasmic p53. Nature cell biology. 2008; 10(6):676–87. Epub 2008/05/06. doi: 10.1038/
ncb1730 PMID: 18454141; PubMed Central PMCID: PMC2676564.
12. Maiuri MC, Galluzzi L, Morselli E, Kepp O, Malik SA, Kroemer G. Autophagy regulation by p53. Current
opinion in cell biology. 2010; 22(2):181–5. Epub 2010/01/02. doi: 10.1016/j.ceb.2009.12.001 PMID:
20044243.
13. Lee IH, Kawai Y, Fergusson MM, Rovira II, Bishop AJ, Motoyama N, et al. Atg7 modulates p53 activity
to regulate cell cycle and survival during metabolic stress. Science. 2012; 336(6078):225–8. Epub
2012/04/14. doi: 10.1126/science.1218395 PMID: 22499945.
14. GaoW, Shen Z, Shang L, Wang X. Upregulation of human autophagy-initiation kinase ULK1 by tumor
suppressor p53 contributes to DNA-damage-induced cell death. Cell Death Differ. 2011; 18(10):1598–
607. doi: 10.1038/cdd.2011.33 PMID: 21475306; PubMed Central PMCID: PMC3172118.
15. Yang GS, Minden MD, McCulloch EA. Influence of schedule on regulated sensitivity of AML blasts to
cytosine arabinoside. Leukemia. 1993; 7(7):1012–9. PMID: 7686602.
16. Kojima K, Shimanuki M, Shikami M, Samudio IJ, Ruvolo V, Corn P, et al. The dual PI3 kinase/mTOR
inhibitor PI–103 prevents p53 induction by Mdm2 inhibition but enhances p53-mediated mitochondrial
apoptosis in p53 wild-type AML. Leukemia. 2008; 22(9):1728–36. doi: 10.1038/leu.2008.158 PMID:
18548093.
17. Laderoute KR, Amin K, Calaoagan JM, Knapp M, Le T, Orduna J, et al. 5'-AMP-activated protein kinase
(AMPK) is induced by low-oxygen and glucose deprivation conditions found in solid-tumor microenvi-
ronments. Molecular and cellular biology. 2006; 26(14):5336–47. doi: 10.1128/MCB.00166-06 PMID:
16809770; PubMed Central PMCID: PMC1592699.
18. Vazquez CL, Colombo MI. Assays to assess autophagy induction and fusion of autophagic vacuoles
with a degradative compartment, using monodansylcadaverine (MDC) and DQ-BSA. Methods in enzy-
mology. 2009; 452:85–95. Epub 2009/02/10. doi: 10.1016/S0076-6879(08)03606-9 PMID: 19200877.
19. Nyfeler B, Bergman P, Wilson CJ, Murphy LO. Quantitative visualization of autophagy induction by
mTOR inhibitors. Methods in molecular biology. 2012; 821:239–50. Epub 2011/11/30. doi: 10.1007/
978-1-61779-430-8_14 PMID: 22125069.
20. Kojima K, Kornblau SM, Ruvolo V, Dilip A, Duvvuri S, Davis RE, et al. Prognostic impact and targeting
of CRM1 in acute myeloid leukemia. Blood. 2013; 121(20):4166–74. doi: 10.1182/blood-2012-08-
447581 PMID: 23564911; PubMed Central PMCID: PMC3656451.
21. Klionsky DJ, Abeliovich H, Agostinis P, Agrawal DK, Aliev G, Askew DS, et al. Guidelines for the use
and interpretation of assays for monitoring autophagy in higher eukaryotes. Autophagy. 2008; 4
(2):151–75. Epub 2008/01/12. PMID: 18188003; PubMed Central PMCID: PMC2654259.
22. Davies SP, Hawley SA, Woods A, Carling D, Haystead TA, Hardie DG. Purification of the AMP-acti-
vated protein kinase on ATP-gamma-sepharose and analysis of its subunit structure. Eur J Biochem.
1994; 223(2):351–7. Epub 1994/07/15. PMID: 8055903.
23. Stapleton D, Mitchelhill KI, Gao G, Widmer J, Michell BJ, Teh T, et al. Mammalian AMP-activated pro-
tein kinase subfamily. J Biol Chem. 1996; 271(2):611–4. PMID: 8557660.
24. Gao G, Fernandez CS, Stapleton D, Auster AS, Widmer J, Dyck JR, et al. Non-catalytic beta- and
gamma-subunit isoforms of the 5'-AMP-activated protein kinase. J Biol Chem. 1996; 271(15):8675–81.
PMID: 8621499.
25. Dyck JR, Gao G, Widmer J, Stapleton D, Fernandez CS, Kemp BE, et al. Regulation of 5'-AMP-acti-
vated protein kinase activity by the noncatalytic beta and gamma subunits. J Biol Chem. 1996; 271
(30):17798–803. PMID: 8663446.
26. Woods A, Cheung PC, Smith FC, Davison MD, Scott J, Beri RK, et al. Characterization of AMP-acti-
vated protein kinase beta and gamma subunits. Assembly of the heterotrimeric complex in vitro. J Biol
Chem. 1996; 271(17):10282–90. PMID: 8626596.
27. Feng Z, Zhang H, Levine AJ, Jin S. The coordinate regulation of the p53 and mTOR pathways in cells.
Proceedings of the National Academy of Sciences of the United States of America. 2005; 102
(23):8204–9. Epub 2005/06/02. doi: 10.1073/pnas.0502857102 PMID: 15928081; PubMed Central
PMCID: PMC1142118.
28. Egan DF, Shackelford DB, Mihaylova MM, Gelino S, Kohnz RA, Mair W, et al. Phosphorylation of ULK1
(hATG1) by AMP-activated protein kinase connects energy sensing to mitophagy. Science. 2011; 331
(6016):456–61. Epub 2011/01/06. doi: 10.1126/science.1196371 PMID: 21205641; PubMed Central
PMCID: PMC3030664.
29. Crighton D, Wilkinson S, O'Prey J, Syed N, Smith P, Harrison PR, et al. DRAM, a p53-induced modula-
tor of autophagy, is critical for apoptosis. Cell. 2006; 126(1):121–34. Epub 2006/07/15. doi: 10.1016/j.
cell.2006.05.034 PMID: 16839881.
Nutlin 3a Induces p53 Dependent Autophagy in Leukemia
PLOS ONE | DOI:10.1371/journal.pone.0139254 October 6, 2015 14 / 15
30. Zhou Y, Sun K, Ma Y, Yang H, Zhang Y, Kong X, et al. Autophagy inhibits chemotherapy-induced apo-
ptosis through downregulating Bad and Bim in hepatocellular carcinoma cells. Scientific reports. 2014;
4:5382. Epub 2014/06/21. doi: 10.1038/srep05382 PMID: 24947039; PubMed Central PMCID:
PMCPMC4064348.
31. Suman S, Das TP, Reddy R, Nyakeriga AM, Luevano JE, Konwar D, et al. The pro-apoptotic role of
autophagy in breast cancer. Br J Cancer. 2014. Epub 2014/06/20. doi: 10.1038/bjc.2014.203 PMID:
24945999.
32. Marvaso G, Barone A, Amodio N, Raimondi L, Agosti V, Altomare E, et al. Sphingosine analog fingoli-
mod (FTY720) increases radiation sensitivity of human breast cancer cells in vitro. Cancer Biol Ther.
2014; 15(6):797–805. Epub 2014/03/25. doi: 10.4161/cbt.28556 PMID: 24657936; PubMed Central
PMCID: PMCPMC4049795.
33. Komatsu S, Moriya S, Che XF, Yokoyama T, Kohno N, Miyazawa K. Combined treatment with SAHA,
bortezomib, and clarithromycin for concomitant targeting of aggresome formation and intracellular pro-
teolytic pathways enhances ER stress-mediated cell death in breast cancer cells. Biochem Biophys
Res Commun. 2013; 437(1):41–7. Epub 2013/06/25. doi: 10.1016/j.bbrc.2013.06.032 PMID:
23792097.
Nutlin 3a Induces p53 Dependent Autophagy in Leukemia
PLOS ONE | DOI:10.1371/journal.pone.0139254 October 6, 2015 15 / 15
